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Several polycrystalline samples of the half-Heusler alloy NiMnSb were grown by arc melting of
stoichiometric and nonstoichiometric amounts of high-purity constituent elements. The structure
and the phase-purity of the prepared samples were examined systematically by powder x-ray
diffraction. The transport properties of the best sample, with saturation magnetization M s(5 K)
54 mB/formula unit, were studied by measuring electrical resistivity, thermal conductivity, and
thermopower. Features in both magnetic and transport data are consistent with NiMnSb being in a
half-metallic state at low temperatures, i.e., the conduction electrons are fully spin polarized.
However, point-contact Andreev reflection measurements on the same sample at 4.2 K demonstrate
only ;45% spin polarization. © 2004 American Institute of Physics. @DOI: 10.1063/1.1739293#
I. INTRODUCTION
In recent years a technology called spintronics has
emerged, which offers the potential for advanced devices that
will combine spin-dependent effects arising from the spin of
the electron with standard microelectronics. The advantage
of the electron spin carrying the information in semiconduc-
tor devices, instead of the conventional electron charge, is
the possibility of nonvolatility, lower power consumption,
increased data processing speed, and increased integration
densities.1
The proposal by Datta and Das2 for a spin-based transis-
tor has prompted a vigorous search for establishing electrical
spin injection from metallic ferromagnetic films into semi-
conductors. Recently, electrical spin injection from ferro-
magnetic permalloy thin films into a two-dimensional elec-
tron gas semiconductor system has been demonstrated.3 The
observed effect was, however, less than 1% of its optimum
magnitude and persisted only up to 10 K. The inefficiency of
electrical spin injection has been attributed partly to the elec-
trical conductivity mismatch of the ferromagnetic metal and
the semiconductor4 and partly to the low spin polarization of
the permalloy ~only 35%!. It has been proposed that using
materials with 100% spin polarization, e.g., half-metallic fer-
romagnets, as spin injectors may enhance significantly the
efficiency of the spin injection.4
Band structure calculations predict that the ternary half-
Heusler alloy NiMnSb should exhibit 100% spin polarization
at the Fermi level.5 Due to its high Curie temperature (TC
5730 K) and its close structural similarity to zinc blende
semiconductors, NiMnSb is suitable to be used as a spin
injection material in spintronics.
NiMnSb crystallizes in the C 1b structure,5 which con-
sists of four interpenetrating fcc lattices equally spaced along
the @111# direction. In the ordered alloy Ni occupies the lat-
tice site at 000, Mn occupies the site at 1/4 1/4 1/4, Sb
occupies the site at 3/4 3/4 3/4, and the site at 1/2 1/2 1/2 is
unoccupied. The magnetic properties are due to magnetic
moments localized at the Mn atoms, which interact via itin-
erant electrons in the conduction band.6 It has been calcu-
lated that 9 out of total 22 valence electrons are located in
spin-down bands, and thus the total spin magnetic moment
of NiMnSb becomes exactly 4.0mB .7
A literature search reveals that only a limited number of
studies have focused on the physical properties of bulk
NiMnSb samples addressing the alleged half metallicity of
this compound.8,9 In this article we report on the identifica-
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tion of synthesis/annealing conditions for the preparation of
single-phase NiMnSb ingots using arc melting as well as on
the structural, magnetic, and transport properties of these
materials. Our measurements demonstrate that it is possible
to produce good quality bulk NiMnSb using arc melting,
which is a faster, and easier method compared to the other
techniques commonly used to grow bulk NiMnSb such as rf
melting10 and solid-state reaction.11
II. EXPERIMENT
Various samples of NiMnSb were grown by arc melting
and subjected to different postannealing treatments in order
to identify the optimum conditions that result to stoichio-
metric single-phase samples. Ni ~99.999% pure!, Mn
~99.999% pure!, and Sb ~99.995% pure! powders were
weighted in a glove box under an Ar ~99.999% pure! atmo-
sphere and mixed thoroughly using an agate mortar and
pestle. The resulted powders were pressed into pellets of 15
mm in diameter. The pellets were then placed in a water-
cooled copper crucible and arc melted in Ar atmosphere sev-
eral times in order to improve the uniformity of the samples.
Specimens were synthesized using stoichiometric amounts of
Ni, Mn, and Sb ~1:1:1! as well as 3% and 5% excess of Mn,
and being subjected to postannealing treatment in vacuum.
Prior to the annealing the specimens were wrapped with tan-
talum foil in order to avoid any undesired oxidation and were
placed in quartz tubes that were pumped down to a pressure
of 531026 mbar. The quartz tubes were hermetically sealed
and placed in a box furnace at 750 °C for several hours.
Powder x-ray diffraction patterns were recorded using a
Rigaku ~RINT 2000! diffractometer with monochromatic
Cu Ka1 radiation. dc magnetization measurements were per-
formed in a commercial extraction magnetometer at tempera-
tures ranging from 5 to 300 K. The resistivity was measured
with the standard ac four-probe method in the temperature
range 5<T<275 K. Simultaneous thermal conductivity and
thermopower measurements were performed in the tempera-
ture range 70–320 K using the steady-state method. The
samples were glued with GE varnish to a copper cold finger
that served as a heat sink. A small homemade manganin re-
sistor heater was attached to the free end of the samples that
served as a heat source. The samples had rectangular paral-
lelepiped shape with typical dimensions 4.535.531.5 mm3.
Small temperature differences ~;0.5 K! across the samples
were measured using two chromel-constantan ~type-E! ther-
mocouples attached to two well-separated positions along the
sample. The systematic error of thermal conductivity k(T)
due to the uncertainty in the measurement of the sample size
and the distance between the thermocouples was estimated to
be 8%–10%. Seebeck voltages were detected using a pair of
0.05 mm diameter copper wires attached to the samples with
silver paste at the same positions as the junctions of the
thermocouples. The contribution of the copper leads to the
measured Seebeck coefficient was carefully subtracted. Fi-
nally, an estimate of the transport spin polarization (Pt) of
the samples was obtained by point-contact Andreev reflec-
tion ~PCAR! measurements12 using a mechanically formed
superconducting Nb tip. Conductance (dI/dV) spectra were
recorded using a standard four-point configuration with an ac
lock-in amplifier.
III. RESULTS AND DISCUSSION
A. Structure
The powder x-ray diffraction ~XRD! spectra of all inves-
tigated specimens exhibited mainly peaks corresponding to
NiMnSb phase. However, an extra phase, which was always
identified as NiSb, appeared in the XRD patterns of all speci-
mens and its relative abundance depended on the molar ratio
of the starting powders and the postannealing treatment. The
XRD patterns were numerically analyzed13 using a
Thomson–Cox–Hastings pseudo-Voigt function to describe
the peak shape. In this analysis, the NiSb phase was also
taken into consideration in addition to the NiMnSb phase and
the background was defined by linear interpolation through a
number of selected background points. Table I summarizes
the results obtained from several NiMnSb specimens that
were prepared under different conditions.
Figure 1~a! shows the XRD pattern of sample No. 1
grown by arc-melting five consecutive times stoichiometric
~1:1:1! amounts of Ni, Mn, and Sb powders. It can be seen
that the NiSb-related peaks are pronounced in this case. Fol-
lowing annealing in vacuum at 750 °C for 50 h, the intensity
of the NiSb peaks decreased considerably ~sample No. 2 in
Table I!. Further annealing under the same conditions for an
additional 22 h ~total annealing of 72 h! resulted in a reen-
hancement of the intensity of the NiSb peaks ~sample No. 3
in Table I!. Therefore, the annealing time seems to be a criti-
cal parameter in obtaining good quality materials.
In specimens grown with 3% excess Mn, the percentage
of the NiSb phase is reduced significantly to about 3% rela-
tive to the NiMnSb phase ~sample No. 4 in Table I!. Anneal-
ing of these specimens in vacuum at 750 °C for 50 h al-
though improved the magnetic properties of the material did
TABLE I. Growth conditions for several samples accompanied by the lattice
constant and percentage of NiSb phase determined from analyzed powder
XRD spectra as well as the saturation magnetic moment at RT and 5 K in
some cases.
Specimen
No. Growth conditions
Lattice
constant
~Å!
NiSb
phase
~%!
Magnetic
moment
(mB)
1 Ni:Mn:Sb ~1:1:1! arc
melted five times
5.931 17 3.24 at RT
2 Annealing of sample
No. 1 in vacuum at
750 °C for 50 h
5.927 5 3.49 at RT
3.68 at 5 K
3 Further annealing of
sample No. 2 for 72 h
under the same
conditions
5.926 11 3.18 at RT
4 3% Mn in excess, arc
melted five times
5.936 3 3.5 at RT
5 5% Mn in excess, arc
melted five times
5.922 2 3.52 at RT
6 Annealing of sample
No. 5 in vacuum at
750 °C for 50 h
5.921 ,2 3.60 at RT
4.02 at 5 K
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not result in any detectable change in the XRD patterns. On
the other hand, sample No. 6 grown with 5% excess Mn and
annealed in vacuum for 50 h at 750 °C showed the best XRD
spectrum @Fig. 1~b!#, i.e., the NiSb phase was reduced to less
than 2%. The room-temperature lattice constant of the best
sample No. 6 was measured to be 5.921~1! Å, similar to the
values reported previously by Szytuła et al.11 and Otto et al.6
The best samples are, thus, obtained using 5% excess Mn in
the initial powder mixture and postannealing the multiply
arc-melted pellets in vacuum at 750 °C for 50 h.
B. Magnetic properties
As can be seen from Table I, the specimen that shows
the best XRD spectrum exhibits an integer saturation mag-
netic moment at 5 K @M s(5 K)54.0060.02 mB /f.u.; Fig. 2#,
as expected for a half-metallic ferromagnet. In general, it is
found that the presence of the NiSb phase in the material
leads to a rapid decrease of the value of M s . The fact that we
have to use at least 3% excess Mn in order to concurrently
decrease the amount of NiSb present in the sample and im-
prove its magnetic properties, implies that Mn is most likely
consumed faster than Ni and Sb during arc melting leading
to the formation of the undesired NiSb phase.
Figure 3 depicts the temperature dependence of the satu-
ration magnetization M S for specimen No. 6 obtained in a
magnetic field of 20 kOe. The magnetization data up to 200
K can be fitted well, as shown by the solid line in Fig. 3~a!,
to the Bloch law
M S5M S~0 !~12AT3/2!,
where M S(0) is the extrapolated saturation magnetization at
0 K, and A5131025 K23/2. The same power-law tempera-
ture dependence of the magnetization has been observed pre-
viously, however, only up to 70 K.8 It is noteworthy that the
present magnetization data follow the Bloch T3/2-law up to
200 K; this is consistent with the fact that the Bloch law
should hold only up to T;TC/3 ~for NiMnSb, TC5720 K).
Hence, at low temperatures the system behaves like a
Heisenberg ferromagnet as expected for a half-metal ferro-
FIG. 1. X-ray diffraction pattern obtained from specimens: No. 1 ~a! and
No. 6 ~b!. In all graphs the first raw of vertical lines corresponds to peaks
expected for NiMnSb and the second raw corresponds to peaks expected for
NiSb.
FIG. 2. Field dependence of the magnetization for specimen No. 6 at 5 K.
FIG. 3. Fit of the temperature dependence of the saturation magnetic mo-
ment M s (emu) for specimen No. 6 measured in an applied magnetic field of
20 kOe in the temperature range: 5–200 ~a! and 200–300 K ~b!.
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magnet. Using the value of A that resulted from the fitting
procedure, the spin wave stiffness coefficient is calculated
according to the following expression:14
A52.612~V/S !~kB/4pD !3/2,
where V is the volume per magnetic atom, S is the spin of the
magnetic atom, and kB is the Boltzmann coefficient. Taking
into account the fact that the magnetic moments are well
localized at the Mn sites15 we have used as V and S the
volume and the spin of the Mn atom, respectively. Thus, for
V52.3310224 cm3 and S55/2, we find D5270 meV Å2.
This value for D is close to values reported previously. For
example, based on neutron diffraction data, D was calculated
to be 320620 meV A2 at 25 K.9 Hordequin et al. deduced
305640 meV Å2 from the T3/2 temperature dependence of
the magnetization in the temperature range 4–70 K,9
whereas Otto et al. deduced a value of 350640 meV A2 from
the T3/2 variation of the magnetization in the temperature
range 4–300 K.8 For temperatures above 200 K @see Fig.
3~b!#, a different T dependence of the magnetization was
found, M S
2;T2. It is noteworthy that such a power-law T
dependence of the magnetization has been predicted to occur
in itinerant ferromagnets due to spin fluctuations.16 At these
high temperatures both spin bands most likely contribute to
transport and individual spin reversals can occur, i.e., Stoner
excitations modify the temperature dependence of the mag-
netization. Therefore, the magnetization results are consistent
with a crossover from a Heisenberg ferromagnet to an itin-
erant ferromagnet at T;200 K.
C. Transport properties
1. Resistivity
The temperature dependence of the zero-field resistivity,
r(T), for specimen No. 6 in the temperature range 5<T
<275 K is shown in the inset of Fig. 4. A pronounced
anomaly occurs in the r(T) curve in the temperature range
70–120 K. For temperatures below 70 K, the resistivity has
been fitted successfully to the expression
r~T !5r01AT21BT9/2,
with r058.6 mV cm, A52.9831024 mV cm/K2 and B
51.131029 mV cm/K9/2. The deduced value of the residual
resistivity, r0 , is amongst the lowest values reported for
NiMnSb to date.8,9 It is well known that a reliable indicator
of sample purity is the residual resistivity ratio ~RRR!, i.e.,
the ratio of the resistivities at 300 and 0 K. For the present
sample RRR;3 which is amongst the highest values re-
ported for NiMnSb.8,9 This value is still low compared to the
values characterizing very pure samples, indicating the pres-
ence of a relatively large defect concentration in our samples.
The T9/2 term is attributed to two-magnon scattering,17 which
is expected to occur in half metals for which electrons of
only one spin direction exist at the Fermi level. The T2 term,
on the other hand, could be attributed either to one-magnon
scattering or to electron–electron scattering that is present in
a Fermi liquid. The presence of the T9/2 term naturally con-
straints us to ascribe the T2 term to the latter effect. It is
noteworthy that the value of the prefactor, A, of the T2 term
falls within the accepted range of values for electron–
electron scattering. In the main panel of Fig. 4, the contribu-
tions of the two T-dependent terms, T2 and T9/2, are shown
separately.
An equally satisfactory fit of the resistivity data up to 70
K can also be obtained using the expression
r~T !5r01AT2.5,
with r058.6 mV cm and A54.15310211 mV cm/K2.5. Note
that such a power law for the resistivity has been observed
also in manganites.18,19 Auslender et al.18 associated the T2.5
term with the scattering of holes by magnons without spin
flip, whereas Schiffer et al.19 suggested the T2.5 term as an
empirical fit to the resistivity data representing a combina-
tion of electron–electron, electron-phonon, and electron-
magnon scattering.
It is noteworthy to point out that another satisfactory fit
of the resistivity data up to 70 K can also be obtained using
the expression
r~T !5r01AT21BT5,
with r058.6 mV cm, A5331024 mV cm/K2, and B51.2
310210 mV cm/K5. In this expression the T5 term is due to
the electron-acoustic phonon scattering process.20 However,
it is well known that the T5 term is dominant at temperatures
lower than 0.1QD;25– 30 K21 ~the Debye temperature, QD ,
of NiMnSb is estimated to be between 250 and 300 K!.9
Based on this fact it is concluded that the equation contain-
ing the T9/2 term is more appropriate for describing the
present resistivity data.
At temperatures above 120 K, the resistivity is propor-
tional to T1.55. Such a power law has not been associated
with any particular scattering process. However, it is note-
worthy to mention that the deduced exponent ~1.55! is very
close to the exponent 5/3, which describes the temperature
dependence of the resistivity of spin fluctuation magnets.22
We propose, therefore, that our high-temperature resistivity
data indicate that the investigated sample behaves as an itin-
erant ferromagnet consistently with the observed high-
temperature magnetization behavior mentioned earlier. Both
the change in the temperature dependence of the resistivity
FIG. 4. Temperature dependence of the resistivity for specimen No. 6 in the
temperature range 5–60 K. The contributions of both T2 and T9/2 terms are
shown. The inset shows fits of the resistivity vs temperature curve for the
low- and high-temperature range.
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and the fact that value of the residual resistivity derived from
fitting the high-temperature resistivity data (T.120 K) is
higher than the value of the residual resistivity derived from
fitting the low-temperature data (T,70 K), are consistent
with the scenario that both spin bands contribute to transport
above ;100 K due to the opening of the spin-flip scattering
channel at these temperatures. Therefore, the resistivity re-
sults are consistent with a crossover from a half-metallic-like
behavior at low temperatures to a normal itinerant behavior
at high temperatures.
2. Thermal conductivity
Figure 5 shows the temperature dependence of the ther-
mal conductivity, k, for specimen No. 6 in the temperature
range 70–320 K. In general, the total thermal conductivity of
magnetic metals comprises an electronic (ke), a lattice (k l),
and a magnon (km) contribution
k5ke1k l1km .
It is well known that for T>QD , the electronic contribution
can be derived from the electrical resistivity, r(T), using the
Wiedemann–Franz law
ke5
L0T
r~T ! ,
where L0 is the Lorentz number. A comparison of ke with k
at room temperature indicates that the electronic contribution
to thermal conductivity is the most dominant among the con-
tributions outlined above (ke /k;85%). ~For this calcula-
tion we used the typical value of the Lorenz number L0
52.4531028 W V/K2 which is valid for T.QD .)
While above 200 K k(T) is nearly constant, below 200
K it decreases linearly on cooling down to 150 K with a
positive slope; this behavior is characteristic of
intermetallics.23 However, below 150 K we observe that the
thermal conductivity decreases with a slower rate. This
change of slope may be taken as an indication that at tem-
peratures lower than 150 K the scattering of the carriers is
reduced. This effect in k(T) along with the features observed
in the temperature dependence of both the magnetization and
resistivity, are consistent with a possible crossover from half-
metallic behavior to normal ferromagnetic behavior in the
temperature region 80–150 K.
3. Thermopower
The temperature dependence of the Seebeck coefficient,
S(T), for specimen No. 6 is shown in Fig. 6. The most
remarkable feature in the data is the change from a small
negative to a small positive thermopower at ;200 K. The
negative value of S in the low temperature range indicates
that the dominant entropy carriers at the Fermi surface are
electrons whereas the positive value of S above 200 K indi-
cates that the dominant entropy carriers are holes. The sign
change could be attributed either to the larger number of the
thermally excited holes or due to the higher mobility of the
contributing holes. The small absolute value of the Seebeck
coefficient, uSu,2 mV/K, indicates that the two types of car-
riers are nearly compensated. The present temperature varia-
tion of the Seebeck coefficient agrees well with previously
published data.9 It is noteworthy that the thermopower data
in the range 70–200 K ‘‘disagree’’ with the low-field Hall
effect data, which indicate that the dominant charge carriers
are holes throughout the investigated temperature range (5
,T,300 K).8,9 These seemingly contradictory results are
probably caused by the complex Fermi surface of NiMnSb,
which in addition to three anisotropic hole sheets contains
electron-like parts as well as parts with open orbits.8
4. Transport spin-polarization
measurements—Andreev reflection
The conductance spectra of nine different Nb/NiMnSb
~sample No. 6! contacts were measured and then fitted using
the extended Blonder–Tinkham–Klapwijk model.24 This
provided a value for the transport spin polarization, Pt , as a
function of a dimensionless barrier parameter, Z ~the value of
the superconducting energy of Nb was fixed to 1.5 meV!.
The plot of Pt vs Z for sample No. 6 is shown in Fig. 7. Note
that for a clean interface (Z50) a value of Pt;45% has
been measured. This much lower value of Pt compared with
the expected 100% spin polarization of the bulk, could be
attributed to a number of reasons. Disorder at the surface,
particularly antisite defects, is well known that result in a
dramatic decrease in the spin polarization. Additionally, re-
cent theoretical analysis has shown that both Ni- and MnSb-
terminated surface layers are not half metallic.25 Therefore,
FIG. 5. Temperature dependence of the thermal conductivity of specimen
No. 6. FIG. 6. Temperature dependence of the thermopower of specimen No. 6.
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the apparent disagreement between the indications coming
from the bulk measurements for half-metallic behavior ~i.e.,
100% spin polarization! at low temperatures and the results
of PCAR could be attributed to the fact that PCAR is a
surface sensitive technique.
IV. CONCLUSIONS
In summary, in this study we have identified the opti-
mum conditions for synthesizing good quality NiMnSb bulk
material using arc melting. All investigated physical proper-
ties indicate that in the temperature region 80–150 K a cross-
over most likely takes place from half metallic behavior to
normal ferromagnetic behavior. Half metallicity in our
NiMnSb specimen is well supported by the integer saturation
magnetization value at 5 K, the temperature dependence of
the saturation magnetization which follows the T3/2 Bloch
law up to 200 K, and the T9/2 contribution in the low-
temperature resistivity implying two-magnon scattering
~identified experimentally!. On the other hand, PCAR, a sur-
face sensitive technique, demonstrates only 45% spin polar-
ization.
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